A search of more than 3,000 square degrees of high latitude sky by the Sloan Digital Sky Survey has yielded 251 faint high-latitude carbon stars (FHLCs), the large majority previously uncataloged. We present homogeneous spectroscopy, photometry, and astrometry for the sample. The objects lie in the 15.6 < r < 20.8 range, and exhibit a wide variety of apparent photospheric temperatures, ranging from spectral types near M to as early as F. Proper motion measurements for 222 of the objects show that at least 50%, and quite probably more than 60%, of these objects are actually low luminosity dwarf carbon (dC) stars, in agreement with a variety of recent, more limited investigations which show that such objects are the numerically dominant type of star with C 2 in the spectrum. This SDSS homogeneous sample of ∼ 110 dC stars now constitutes 90% of all known carbon dwarfs, and will grow by another factor of 2-3 by the completion of the Survey. As the spectra of the dC and the faint halo giant C stars are very similar (at least at spectral resolution of 10 3 ) despite a difference of 10 mag in luminosity, it is imperative that simple luminosity discriminants other than proper motion be developed. We use our enlarged sample of FHLCs to examine a variety of possible luminosity criteria, including many previously suggested, and find that, with certain important caveats, JHK photometry may segregate dwarfs and giants.
Introduction
Carbon stars (objects with prominent C 2 in their spectra) have been studied for more than a century (Dunér 1884) , although faint (R > 13) high-latitude carbon stars (FHLCs), which presently number in the hundreds, were not easily found until recently. Most FHLCs are thought to be distant giants, as there is no obvious way for C 2 to reach the photosphere prior to the red giant phase. While relatively rare, these objects are interesting because, for example, of their utility as a halo velocity tracers (Mould et al. 1985; Bothun et al. 1991) . However, a small number of FHLCs display parallaxes and/or large proper motions, implying main-sequence luminosities (M V ∼ 10), and have been designated dwarf Carbon (dC) stars. It now appears that a significant fraction of FHLCs are in fact not distant giants, but are nearby dwarfs (Margon et al. 2002, hereafter Paper I) . Based on data obtained during the Sloan Digital Sky Survey (SDSS; York et al. 2000) commissioning period, we claimed in Paper I that at least 40 − 50% of all FHLCs are dwarfs.
Here we report the results of an expanded sample of SDSS FHLCs. In Section 2, we discuss the observations and selection criteria for our sample, while Section 3 describes the classification of the objects as dwarfs or giants. A key problem remains the derivation of simple luminosity discriminants other than proper motion, as the low resolution (∼ 1000) spectra of the giants and dwarfs are so similar. Section 4 discusses photometric and spectroscopic luminosity indicators, while our conclusions are given in Section 5.
Observations
The FHLC candidates were chosen by analyzing the imaging data from the SDSS camera (Gunn et al. 1998; Lupton et al. 2001) , which obtains images in five bands (u, g, r, i, z; Fukugita et al. 1996) almost simultaneously. The instrumental fluxes are calibrated via a network of primary and secondary standard stars (Fukugita et al. 1996; Hogg et al. 2001; Smith et al. 2002) . Observations of previously known FHLCs in the SDSS system (Krisciunas, Margon, & Szkody 1998) were used to determine approximately where in the SDSS color-color diagrams FHLCs were expected, and an automated analysis of the photometric database was used to identify objects that appear in those regions. More details on object selection can be found in Paper I.
Spectroscopic observations were then obtained for as many of the FHLC candidates as possible. The spectra, obtained with a SDSS fiber-fed CCD spectrograph, cover the wavelength range 3800Å-9200Å with ∆λ/λ ∼ 1800; see Stoughton et al. (2002) for details. Although more than 600 spectra are obtained in each observation, our survey is not 100% complete due to two factors. First, there is a minimum separation of the fibers, so a FHLC candidate close to a higher priority science target cannot be observed. Second, there are regions where all fibers are utilized by unrelated higher priority programs. Nonetheless, the SDSS FHLC survey does provide a large homogeneous sample of objects.
As was the case in Paper I, we have not relied on an automated algorithm to select true FHLC stars from the SDSS spectra, but rather visually examined all spectra. The SDSS First Data Release DR1 (Abazajian et al. 2003) contains spectra of about 500 unresolved sources that the SDSS photometric selection flagged as a possible FHLC. However, manual examination of these spectra shows that only ∼ 10% actually display C 2 bands. The bulk of the contaminants are late type stars, and a few are high redshift quasars, where prominent Lα emission simulates a band head. In this respect the contaminants are identical to those in C star surveys of decades past, made on objective prism plates. Clearly, the efficiency of photometric selection of FHLCs is modest, due to color degeneracy with both interesting and uninteresting objects, Galactic and extragalactic. However, the SDSS will at completion still derive a very large, homogeneous sample of FHLCs, in part because multiple other unrelated, high-priority scientific projects in the survey, in particular the search for distant QSOs, target many of these candidates for spectroscopy due to the color degeneracy. Even though such programs may have relatively small contamination rates by FHLCs, they target very large numbers of objects.
On the basis of the spectroscopic observations, 251 of the SDSS candidates (including the 39 listed in Paper I, which are repeated here for convenience and completeness) were found to be FHLCs. Ninety seven have data publically available in the DR1, and the remainder are newly presented here. The spectra of all FHLCs can be found via anonymous ftp 1 ; sample spectra are displayed in Paper I. The 251 objects are listed in Table 1 , which provides astrometric (coordinates and, when available, proper motions) and photometric (both Sloan and, when available, 2MASS colors) data. We also note a luminosity class (giant or dwarf) based on the SDSS-derived proper motions (see Paper I for details): all objects with 3σ detections of motion are considered dwarfs. The spectra are qualitatively similar to those noted in Paper I, and we continue to see the broad range of NaD strength (presumptively temperature) previously noted. However, the fraction of objects with noticeable Balmer emission (6%) is only about half that seen in our initial sample.
A few special cases of extreme color are worthy of mention. In Paper I, no N-type stars were detected by the selection software (the 2 objects shown there were found in an SDSS vs. 2MASS comparison), although we noted that their extreme red colors should make them easier to find than the R-type. Our expanded survey has resulted in the detection of one (but only one!) N-type star -SDSS J125149.87+013001.8. A small fraction of the sample are exceptionally blue, and show Balmer and Ca II absorption in addition to the C 2 bands. These "F/G Carbon Stars", discussed elsewhere (Schroeder et al. 2002; Knapp et al. 2003) , were initially found serendipitously. Searches of the SDSS standard star sample, selected by colors optimized for metal-poor F-subdwarfs, then added ∼ 20 more cases. This small fraction of very red or very blue objects, not found by our nominal FHLC target selection software, stands as yet another warning of incompleteness in this survey.
Figures 1-3 display color-color diagrams of the SDSS FHLCs, and define the location in the 1 ftp.stsci.edu; cd pub/science/SDSS Carbon diagrams where FHLCs are found. The large scatter in (u-g) is due to the lower sensitivity of the survey in the u band combined with the faintness of the objects; however, the one N-type star is clearly separated from the other objects. There is a tight correlation in the (g-r),(r-i) diagram, with the one N-type star again distinctly visible. Also, the "F/G Carbon Stars" are clearly distinct, but appear to be an extension of the R-type star correlation. Similarly, in the (r-i),(i-z) diagram, the stars are fairly closely clumped, with the "F/G Carbon Stars" again following the R-type stars; the N-type star is not as clearly separated from the R-types in this diagram.
In Paper I, we noted that our SDSS survey is complementary to the 2MASS survey, as the former will detect the warmer R-type stars, while the latter will be useful for detecting the cooler N-type stars 2 . It was also noted that the SDSS survey detects objects too faint for 2MASS. We have searched the 2MASS All-Sky Data Release Point Source Catalog for each of the SDSS FHLCs, and find about 50% of the objects are detected; the 2MASS colors are listed in Table 1 . Figure 4 shows the distribution of 2MASS detections in SDSS r magnitude bins. Not surprisingly, most of the bright objects (r < 18.0) are detected in 2MASS, while most of the faint objects (r > 19.0) are not.
To support our search for luminosity discriminators, we measured equivalent widths for both the discrete lines (the Balmer lines, NaD), and the strong CaH bands (λ6382 and λ6750) in each spectrum in which they were present. For the C 2 (λ4737, λ5165, λ5636, and λ6191) and CN (λ7900) band heads, we measured a band head intensity corresponding to the average flux at the peak of the band divided by the average flux at the bottom of the band.
Analysis

Luminosity Determination
The SDSS Astrometric Pipeline (Pier et al. 2002) computes J2000.0 positions for all detected objects, and these positions have been compared with USNO-B data to obtain proper motions for almost all the FHLCs (see Table 1 ); those without motions are either too faint to obtain reliable positions, or are in crowded fields. All objects with non-zero motions significant at a 3σ level are considered dwarfs; see Paper I for a discussion of the validity of using only proper motion to determine the luminosity class.
Those objects that do not show motion could either be giants or distant dwarfs whose motions are too small to detect. A quick examination at the magnitudes of the objects without detected motion shows that only a handful are fainter than the dwarfs, so these objects are likely a combination of true giants and distant dwarfs.
To determine which objects are close enough (if dwarfs) for a motion to be detectable, we examined the distribution of observed motions, and find that most (over 90%) have proper motions ≥ 20 mas yr −1 , which we take as our minimum detectable value. After converting the SDSS magnitudes to V (Fukugita et al. 1996) , and assuming M V = +10, we converted all proper motions to a linear scale, and find that ∼ 90% of the objects have tangential velocities ≥ 50 km s −1 . Finally, we determined the V magnitude an object would have if it were at these limits (i.e., would be barely detectable), and find that V min = 18.6. This means that any object brighter than this limit is likely a true giant, which is 32% (35) of the objects without observed motions; the nature of the remaining objects must be considered uncertain. The occasional renegade dwarf may of course by chance have a small tangential component to its motion. We exclude from this analysis the "F/G Carbon Stars", which are likely more luminous than the fiducial M V = +10, and label them all of uncertain luminosity in Table 1 , unless a positive detection of proper motion is present.
For the remaining 74 objects (excluding the 29 objects that had no proper motion data available), it is possible to make a statistical argument concerning the number that should be giants. The faintest star in our sample has V=21.3, and it would need to have a tangential velocity of 175 km s −1 to be detectable. About one-third of the dwarfs have a motion above this limit, so 0.33 × 74 = 24 of the uncertain objects should be dwarfs with motions large enough to detect, and hence the lack of detected motion implies they are true giants (although we don't know which ones). Thus, about half of the objects without detected motions are probably giants.
A different conclusion emerges, however, if a significant fraction of the sample is made of disk dwarfs with space velocities smaller than velocities of halo stars. They will sometimes have tangential velocities less than 50 km s −1 , so some will contaminate the brighter stars that were called giants above. They will all have tangential velocites less than 175 km s −1 , so they may dominate the fainter stars without significant motions, leaving fewer of the fainter uncertain objects as implied giants than the 24 estimated above. In this case, significantly fewer than half of the objects without detected motions would be giants. The population models made for Paper I indicated that disk dwarfs were required to explain the stars with small radial velocities. A further analysis of the population mix will be deferred to a future paper.
The total number of dwarfs in our survey (excluding the "F/G Carbon stars") is 107, while the total number of non-dwarfs (excluding the "F/G Carbon stars" and the 3 objects in the Draco dwarf galaxy) is 117. Thus, at least 48% of the FHLCs are dwarfs, consistent with the estimate of ≥ 50% of Paper I. If we assume half the uncertain objects are dwarfs, then at least 63% of the FHLCs are dwarfs. The recent summary of known dC stars by Lowrance et al. (2003) lists 14 objects in total not due to SDSS. Thus, the homogeneous sample of SDSS stars in Table 1 that are unambiguously dwarfs now constitutes 90% of all known dC stars.
In Paper I, we derived a surface density of 0.05 deg 2 , which was consistent with the value of 0.072±0.005 deg 2 of Christlieb et al. (2001) , derived from a bright, photographic sample. With the same caveats about the completeness of our sample (see Paper I), we derived a surface density from our expanded sample (224 objects in ∼3600 deg 2 ) of 0.06 deg 2 (again excluding the "F/G Carbon stars" and the 3 Draco stars). It is clear that careful incompleteness corrections, not currently available, will be needed to understand the true surface density of the faintest FHLCs.
Discussion
As previously noted, at least 50% the FHLCs are dwarfs. Therefore the development of a simple observational luminosity discriminant is imperative if we are to, for example, use the giants as halo velocity tracers. The fact that the dwarfs and giants differ in intrinsic luminosity by ∼ 10 mag gives hope that there would be such discriminants. In fact, several luminosity discriminants have been proposed, although the small number of objects known to date has made it difficult to assess the validity and range of applicability of these discriminants. With our large sample of objects, an objective analysis of the proposed discriminants, as well as the possibility of uncovering others, is now possible.
Previously proposed photometric luminosity discriminants
Numerous authors (e.g., Green et al. 1992; Joyce 1998; Totten et al. 2000; Lowrance et al. 2003) have proposed near-IR colors as a luminosity discriminant, while MacConnell (2003) showed a tight sequence for N-type stars for his survey objects in the (H-K), (J-H) diagram. While we will discuss the luminosity aspect below, we present in Figure 5 the 2MASS color-color diagram for all stars (∼ 100 stars) in our survey, in the carbon star catalog (|b| > 10 • ; ∼ 300 stars) of Alksnis et al. (2001) , and all previously reported FHLC dwarfs (11 stars), summarized by Lowrance et al. (2003) .
While the N-type stars continue to show the trend seen by MacConnell (2003) , the R-type stars are far more scattered, and the "F/G Carbon stars" appear to form a nice continuation of the C stars sequence. The one N-type star in our survey fits nicely in with those from Alksnis et al. (2001) , while the one R-type star from Alksnis et al. (2001) at (H-K)=1.0 is classified as R-N, so is likely an N-type; the R-type star at (H-K)=1.6 is the bright Mira variable RU Vir.
Although near-IR colors have been proposed as a luminosity discriminant, Wing & Jørgensen (1996) and Jørgensen et al. (1998) argue on purely physical grounds that JHK colors alone should not be an unambiguous indicator. Based on 4 objects from Paper I, we found that 2 objects were consistent with the JHK discriminant, while 2 objects were not consistent. In Figure 6 , we show an enlargement of the near-IR color-color diagram, with just the SDSS stars, as well as the previously known dwarfs, displayed. For (H-K) colors bluer than about 0.3, there is no separation between giants and dwarfs. However, for redder colors, the bulk of the objects are dwarfs. For the (somewhat arbitrary) line shown in the figure, 20 (74%) of the objects are dwarfs, 1 (4%) is a giant, and 6 (22%) are uncertain; if only the confirmed giants and dwarfs are counted, then 95% of the objects are dwarfs. A slight shift of the line to the blue (or red) does not significantly change the giant to dwarf ratio. An examination of Figure 5 shows that most of the previously known dwarfs do indeed appear to be offset from the bulk of the R-type stars from the Alksnis et al. (2001) catalog, but with the addition of the SDSS FHLCs, it now appears that this discriminant can be refined and confirmed. Lowrance et al. (2003) proposed that dwarfs and giants could be separated in the (J-K), (R-J) diagram. While we do not have R magnitudes for our SDSS sample, the SDSS r band should be a reasonable proxy to the Johnson R, so we have examined this discriminant with our sample. Figure 7 shows that, as with the near-IR colors, this discriminant can identify dwarfs, but is somewhat less effective (there are 5 giants in the dwarf region) than using only 2MASS colors.
In Paper I, we commented that photometric variability may prove to be a simple luminosity criterion, since only giants should show consistent, chaotic variations associated with mass loss; absence of variability, however, does not imply the object is a dwarf. Many of the SDSS objects have multiple photometric measurements in the imaging database, so we have performed a preliminary check for variability. Given the faintness of many of the objects (particularly in u), we define an object as variable if at least 2 of the g, r, and i magnitudes changed by at least 0.10 mag. With that criteria, only 1 of the 49 FHLCs with multiple measurements is variable, and this object is listed in Table 2 . That object has an uncertain luminosity class, and thus is a strong candidate for a giant. Note, however, that the object could be similar to the dC PG 0824+289 (Heber et al. 1993) , which shows variability due to heating effects from a hot companion, and so multiple measurements to look for periodic variability would be interesting.
New photometric luminosity discriminants
In Figures 1-3 , we plot the 3 SDSS color-color diagrams. An examination of those figures shows that, while the "F/G Carbon stars" are clearly separated from the R-type stars, there is no indication of a luminosity discriminant. We also investigated other color-color plots, none of which presented any valid discriminant.
The model for a dwarf C star is that the C 2 was deposited in a previous mass-transfer episode from a companion that is now a faint white dwarf. In some cases (e.g., PG 0824+289 (Heber et al. 1993) ; SBS 1517+5017 (Liebert et al. 1994) ), the white dwarf is hot enough to be detectable in the visible. However, in most cases, the white dwarf is too cool to be visible in the optical. We examined those dwarfs in our sample that have the bluest u-g colors, to look for any spectroscopic evidence of a white dwarf, but none was found. On the other hand, it may be possible to detect the white dwarf in the ultraviolet, where the C star is faint and the contrast may be optimized.
To determine how faint (i.e., cool) the white dwarf would typically have to be to be undetected either spectroscopically or photometrically, we selected one blue and one red giant FHLC from our sample, and added a blackbody and/or real white dwarf spectrum of various temperatures. We find that a 10,000 K blackbody is barely detectable in the red giant, while an 11,000 K blackbody is barely detectable in the blue giant. However, in the satellite ultraviolet, these cool white dwarfs could be detectable (e.g., with the ACS SBC camera on HST). Therefore, UV colors may in fact be a useful photometric luminosity discriminant.
Previously proposed spectroscopic luminosity discriminants
Numerous spectroscopic luminosity discriminants have been previously proposed. Green et al. (1992) proposed that the appearance of a strong C 2 band head at λ6191 indicated the object was a dwarf, while Margon et al. (2002) suggested the feature was both temperature and luminosity dependent. However, both studies noted that while the absence of λ6191 could not be used to firmly classify the object as a giant, the presence of λ6191 was a good indicator that the object is a dwarf. In Figure 8 we show a histogram of the strength of λ6191, which demonstrates that this feature is in fact probably not a good luminosity discriminant. When λ6191 is weak (1.0-1.4), about 50% of the objects are confirmed dwarfs, while at its strongest (> 1.6) about a third of the objects are confirmed dwarfs. Only in the 1.4-1.6 bin do the dwarfs dominate (70%). In total, 50% of the objects with λ6191 are confirmed dwarfs, so this feature can no longer be considered a luminosity discriminant.
In Paper I we suggested that the presence of Hα emission could be an indicator that the object is a giant, since dwarfs are unlikely to process active chromospheres or undergo active mass loss. However, a contrary case (PG 0824+289) was noted, where heating of the dwarf by a hot DA companion caused the emission. In that case, the white dwarf was visible in the optical spectrum, so Hα emission in dCs where there is no indication of a hot white dwarf could still be a luminosity discriminant. Of the 14 objects in our sample with Hα emission, 3 are giants, 3 are dwarfs, and the remaining 8 have are uncertain luminosity. Thus, the use of Hα emission as a luminosity discriminant is speculative. The dCs with Hα emission are rare, and thus should be further observed.
The bands of CaH at λλ6382, 6750 are normally strong only in K and M dwarfs (e.g., Kilkpatrick et al. 1991) , which led us to suggest in Paper I that the presence of these features was a luminosity indicator in FHLCs. In Figure 9 we show plot of the equivalent width of λ6750 versus that of NaD. While it is true that there are no giants whose spectra show CaH, there are 10 objects (out of 16 total) that have an uncertain luminosity. So, while promising, this discriminant must still be consider unproven.
It is interesting to note that sharp turn-on of the CaH feature at W λ (NaD) = 10Å, although there are two objects (one with weaker NaD (hotter) which shows CaH, one with stronger NaD (cooler) that does not) that are exceptions. To estimate the temperature of this turn-on point, the temperature index (Cohen 1979 ) of every star that showed NaD was measured, and a fit of NaD as a function of Temperature Index was made. The Temperature index was converted to a temperature (Yamashita 1967) , with the result that the CaH turn-on occurs at T=2900 K. Green et al. (1992) suggested that dC's have strong λ6191 band heads given their relatively weak CN band strength. In Figure 10 , we plot the strength of λ6191 versus the strength of the CN band at λ7900. Unfortunately, there are so few confirmed giants which show CN that a definitive statement about this criterion is not possible. However, given the range of λ6191 strengths seen for the dwarfs alone, this discriminant can be considered doubtful. On the other hand, the strength of the CN band alone, particularly at the weakest and stronger levels, may be a discriminant (see below).
New spectroscopic luminosity discriminants
With our large sample of FHLCs, we have searched for possible new spectroscopic discriminants. Christlieb et al. (2001) found a correlation between the strengths of the C 2 bands at λ5165 and λ4737, which they used for detection of carbon stars. Our data also shows this correlation, but there is no separation between dwarfs, giants, and the stars of uncertain luminosity. In a similar vein, we show, in Figure 11 , the equivalent relation for the strongest C 2 bands. Again, there is a correlation, but C 2 band strength does not appear to be a luminosity discriminant.
As previously noted, the strength of the CN band at λ7900 may be a luminosity indicator. In Figure 12 , we plot a histogram of the strength of this feature. As can be seen, all objects with band strengths greater than 1.6 are either giants (6) or of uncertain luminosity (1; the object with the strongest CN). Similarly, most of the objects with weak CN are dwarfs (19); there are 2 giants and 1 object of uncertain luminosity. Thus, extremely strong CN seems to imply a giant luminosity, while extremely weak (but present) CN implies a dwarf luminosity.
Summary
We have increased our SDSS survey of faint high-latitude carbon stars to include 251 objects, at least 50% of which are dwarfs. Although giant and dwarf carbon stars differ in luminosity by 10 mag, the spectra (at the SDSS spectral resolution of 10 3 ) are extremely similar. We have used our expanded sample to search for photometric and spectroscopic discriminants, including an examination of those previously proposed.
We find that SDSS colors and the strength of the C2 band head at λ6191 are not good luminosity discriminants, while the presence of Hα emission as a discriminant is speculative. The suggestion from Paper I that the CaH bands at λλ6382, 6750 indicate that the object is a dwarf must also still be considered unproven.
The strength of the CN band at λ7900, when it is extremely strong or extremely weak, appears to be a good luminosity discriminant. However, it is of limited use, as almost half the objects do not show this band. For the redder objects, the use of JHK colors appears to allow the identification of dwarfs. Another possible discriminant is ultraviolet colors, where the presumed white dwarf (which transferred its carbon to the now dC star) may be detectable. (g-r) diagram for the SDSS FHLCs. Dwarfs are indicated with an "X", giants with a square, "F/G Carbon stars" with a triangle, and objects with uncertain or unknown luminosities with a diamond. Note the one SDSS N-type star (the object with (g-r) = 3.52). The "F/G Carbon stars" are mostly clumped around (u-g) = 1.0, (g-r) = 0.5. Other than these rare objects, these colors provide no effective segregation of carbon giants and dwarfs. Obviously the u measurements for the faintest, reddest objects are highly uncertain. Figure 1 . Note the tight correlation, with the N-type star and the "F/G Carbon stars" clearly separate from the majority of the FHLCs (R-type stars). However, the small number of the latter objects in our sample makes the significance of the gap in the color distribution unclear. Alksnis et al. (2001) are indicated with a red asterisk (N-type) and a green plus sign (R-type). SDSS FHLCs are indicated with a black "X" (dwarfs), a blue square (giants), a purple triangle ("F/G Carbon stars"), and a brown diamond (objects with uncertain/unknown luminosities). Previously reported dwarfs are indicated by a filled black circle. Fig. 7 .-Photometric luminosity discriminant proposed by Lowrance et al. (2003) . Same symbols as in Figure 5 , and the solid line is the luminosity segregation criterion proposed by those authors. This indicator is not as effective as that using the near-IR colors. . Same symbols as in Figure 5 . The objects along the bottom axis are those with no detectable CaH. While no confirmed giants have detected CaH, the large number of uncertain/unknown objects makes this proposed discriminant uncertain. . Same symbols as in Figure 5 . The objects along the axes are those with no detection of CN (y-axis) or C 2 (x-axis). The number of confirmed giants is too small to confirm the Green et al. (1992) criterion. However, the lack of dwarfs with CN strengths greater than 1.5 is discussed in the text. 
